Abstract
Introduction
With the accelerating globalization of economy comes the integration of international financial markets. Various countries started to relax the financial control since 1970. The trends of the liberalization and the globalization of the financial market become obvious (Chao-Yen Wu, et al, 2012) . Loose financial market entry conditions, rapid development of internet and advancement of exchange technology speed up information conductivity among financial markets in different countries and areas, enlarge conductivity channels and tighten relationships and influences among these markets. Those integration and closeness among international financial markets on the one hand bring investments in various countries and areas; on the other hand expedite risks in one financial market in one country to another financial market in other countries, which lead to "infectious financial crisis". More and more scholars investigate this phenomenon from the perspective of volatility spillover and analyze the conductivity of volatility risks among different countries or financial markets. Financial market volatility spillover means fluctuation affected not only by its own early-stage volatility, but also by volatility of other financial markets. There are volatility spillover effects among financial markets in various countries, and among financial markets of different types. Studies of volatility spillover effects in international financial markets may contribute to understand volatility risk sources and conductivity paths and may be instructive for international financial supervision.
Literature review
In view of the importance of volatility spillover effects, wide and deep explorations have been carried out by scholars at home and abroad, including researches on volatility spillover effects within market and inter-markets. During studying volatility spillover effect in the same kind of market, Baele (2005) During studying the volatility spillover effects in inter-markets, S. Yang and S. Dong (2004) explore spillover in mean and volatility in stock markets and foreign exchange markets of G7 countries by means of extended multiple EGARCH model and conclude that fluctuation of stock price can lead to that of foreign exchange in the future, but not the otherwise, which exhibits an asymmetry of volatility spillover effect in stock market and foreign exchange market. And their study indicates that information conductivity between these two markets contributes to their integration. M. Zhong through binary GARCH model and discover that there is volatility spillover effect of bond market on stock market, but not the otherwise. F. Wu, Z. Guan and Myers (2011) test volatility spillover effects between crude oil futures market and corn spot and futures market through adopting trivariate volatility spillover model, and find that there is effect of crude oil futures market on corn spot market and on corn futures market, and this effect is time-varying.
Based on the above achievements, studies of volatility spillover effects in financial markets include not only within-market effects, but also inter-markets ones. However, influences from other financial markets are not considered in within-market studies, nor are those among multiple markets in intermarket researches. Hence, a binary GARCH-BEKK model is constructed in this study exampled by stock market, gold market, WTI crude oil futures and spot markets to explore volatility spillover effects in international financial markets and to seek their volatility spillover and information conductivity directions.
Empirical model construction
Univariate GARCH model works well when apllied to describe volatility effect in single market, but is not ideal to describe mutual influences among two or more markets of second order interval matrix. Multivariate GARCH model can overcome the defects of univariate GARCH model, and make full use of the infromation within covariance matrix of residual variance to obtain more accurate parameter estimation results. The widely employed multivariat GARCH model-GARCH-BEKK model is adopted in this study, which is a commonly used GARCH mdel proposed by Engle and Kroner (1995) whose studies were based on Baba, Engle, Kraft and Kroner's (1991, unpublished manuscript), and is named after the first letter of these four persons' names. The binary GARCH-BEKK (1, 1) model in this study is set as:
where expression (1) is a mean formula in vector form, expression (2) 
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where ii h represents conditional variance of matrix A, jj h represents conditional variance of marix B, ij h and ji h mean conditional covariance between matrixes A and B. Expresions (3), (4) and (5) can be applied to analyze volatility spillover characteristics in different financial markets.
Supposing that residual vector t E conforms to binary conditions normal distribution, and there are T samples. Log likelihood function is:
where T means total samples, q means to be estimated parameters vectors. For log likelihood function of GARCH model is non-linear, they can be estimated by BHHH (Berndt-Hall-Hall-Haus) algorithm.
Empirical analysis

Data source
Stock market, gold market, oil spot and futures market, main components of financial markets, are important places for investors to seek financial investments. These four markets as its subjects, this study empirically analyzes their volatility spillover effects. Globlal perfect stock market, America stock market is equipped with three indexes: the Dow Jones index, the NASDAQ index and the s&p 500 index. One of these three important stock indexes, the s&p 500 index is commonly explored by scholars. An important part in globlal financial markets, gold market requires special attention while analyzing volatility spillover effects in international financial markets. After more than one hundred years' development, international oil market has formed a comprehensive futures and spot market system. There are currently four important standards for international oil trade: the United States west Daily yield t R of the s&p 500 index, gold market, WTI crude oil futures and spot markets is calculated by:
where , i t P means the closing price index of the i th market at the t th period.
, , , i stock gold spot future = represents the s&p 500 index, gold market, WTI crude oil futures and spot markets respectively.
Descriptive statistics
Descriptive statistics can be applied to analyze yield and volatility in each financial market. Firstly, time series charts are presented to directly observe their chagnes (For space consideration, the time series charts are not present). It can be seen from time series charts that there are obvious clusters of abnormal volalities and significant clusters. In addition, yield series fluctuate around the mean value. Therefore, yield series of these four markets are mean-reverting time series.
Secondly, descriptive statistics results about each yield series are presented in table 1. From this table, it can be concluded that both mean values of yield in stock market and crude oil futures market are negative. Both those in gold market and oil spot market are positive. Skewness values of yield in stock market, gold market and crude oil futures market are negative,while that in oil spot market is positive. Kurtosis values of yield in four markets are bigger than 3, which means that all yields are featured with high Kurtosis and fat tail. It can be deduced from Jarque-Bera test statistics and its following probability that yields in these four markets do not conform to normal distribution at the significane level of 1%. As far as Q statistics is concerned, Q(10) and Q2(10) distributions mean Ljung-Box statistics of original yield series and yield square series lagging 10 order, which can be adopted to test whether there are autocorrelations in yield series and yield volatility series, and the study reveals that there is significant serial correlation among yields in these four markets at the significance level of 1%. From the correlation matrix of yield rate of the four markets, we can see that the correlations of the four markets are big. The relationship of the four markets is very tight, because the transmission of volatility among financial markets, as found in Dong Jie et al (2012). Note: *** means significant at the level of 1%.
Unit root test
In order to test stability of yield series, two commonly used unit root test methods are applied in this study: ADF test and PP test. Table 2 is test results. It demonstrates that both ADF and PP statistics of yield series in stock market, gold market, WTI crude oil futures and spot markets are smaller than marginal values at the significance level of 1%. Thus, these yield series are stable and there won't be "spurious regression" in direct modelling. Note: *** means significant at the level of 1%.
Empirical analyses
In order to test volatility spillover effects among stock market, gold market, WTI crude oil futures and spot markets, the binary GARCH-BEKK (1, 1) model is employed to empirically analyze volatility spillover effects between stock market and gold market, stock market and WTI crude oil futures market, stock market and oil spot market, gold market and WTI crude oil futures market, gold market and oil spot market, WTI crude oil futures market and spot market.
Maxium likelihood estimation is adopted to jointly estimate the binary GARCH-BEKK (1,1) model and Wald statistics is used to test volatility spillover effects in markets. GARCH-BEKK (1,1) estimation results between two markets are presented from table 3 to table 8, the first part of which is
estimation about variance formula, the second of which is standardized residual test results, and the third of which is test results of volatility spillover effects.
Test results of volatility spillover effects between stock market and gold market are shown in table 3. Firstly the correctness of the model is tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series of binary GARCH-BEKK (1,1) model between stock market and gold market at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is reasonable. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between stock market and gold market, in other words, there are clusters of volatilities in yield series, which proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities with Wald statistics are significant and smaller than 0.05. Therefore, null hypothesis is rejected at the significance level of 5% and there are significant bidirectional volatility spillover effects between stock market and gold market. Furtherly, there is mutual influence between them, one affecting another. Test results of volatility spillover effects between stock market and WTI crude oil futures market are shown in table 4. The correctness of the model is first tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series in binary GARCH-BEKK (1,1) model between stock market and oil futures market at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is correct. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between stock market and oil futures market, in other words, there are clusters of volatility in yield series, which again proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities in Wald statistics used to test "No volatility spillover effects between stock market and oil futures market" and "No volatility spillover effects of stock market on oil futures market" are insignificant and larger than 0.05; that all following probabilities in Wald statistics used to test "No volatility spillover effects of oil futures market on stock market" are smaller than 0.05. Therefore, there is volatility spillover effect of oil futures market on stock market, but not the otherwise at the significance level of 5%. Test results of volatility spillover effects between stock market and WTI crude oil spot market are shown in table 5. The correctness of the model is first tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series in binary GARCH-BEKK (1,1) model between stock market and oil spot market at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is correct. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between stock market and oil spot market, in other words, there are clusters of volatility in yield series, which again proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities in Wald statistics used to test "No volatility spillover effects between stock market and oil spot market" and "No volatility spillover effects of oil spot market on stock market" are insignificant and larger than 0.05; that all following probabilities in Wald statistics used to test "No volatility spillover effect of stock market on oil futures market" are smaller than 0.05. Therefore, there is volatility spillover effect of stock market on oil spot market, but not the otherwise at the significance level of 5%. Test results of volatility spillover effects between gold market and WTI crude oil futures market are shown in table 6. The correctness of the model is first tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series in binary GARCH-BEKK (1,1) model between gold market and oil futures market at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is correct and reasonable. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between gold market and oil futures market, in other words, there are clusters of volatility in yield series, which again proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities in Wald statistics used to test "No volatility spillover effects between gold market and oil futures market" and "No volatility spillover effects of oil futures market on gold market" are insignificant and larger than 0.05; that all following probabilities in Wald statistics used to test "No volatility spillover effect of gold market on oil futures market" are smaller than 0.05. Therefore, there is volatility spillover effect of gold market on oil futures market, but not the otherwise at the significance level of 5%. Test results of volatility spillover effects between gold market and WTI crude oil spot market are shown in table 7. The correctness of the model is first tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series in binary GARCH-BEKK (1,1) model between gold market and oil spot market at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is correct and reasonable. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between gold market and oil spot market, in other words, there are clusters of volatility in yield series, which again proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities in Wald statistics used to test "No volatility spillover effects between gold market and oil spot market" and "No volatility spillover effects of gold market on oil spot market" are insignificant and larger than 0.05; that all following probabilities in Wald statistics used to test "No volatility spillover effect of oil spot market on gold market" are smaller than 0.05. Therefore, there is volatility spillover effect of oil spot market on gold market, but not the otherwise at the significance level of 5%. Test results of volatility spillover effects between WTI crude oil futures and spot markets are shown in table 8. The correctness of the model is first tested, and it can be seen from Q(10) and ARCH-LM statistics of standardized residual test results in part two that there are not serial correlation and ARCH effects in estimated residual series in binary GARCH-BEKK (1,1) model between oil futures and spot markets at the significance level of 5%. This indicates that the binary GARCH-BEKK(1,1) model is correct and reasonable. It can be concluded from the estimations of variance formula that both diagonal elements in coefficient matrix A and B are significant at the level of 5%, implying that there is conditional heteroscedasticity in yield series between oil futures and spot markets, in other words, there are clusters of volatility in yield series, which again proves the descriptive statistics results in table 1. It can be found from volatility spillover effects test in part three that all following probabilities in Wald statistics used to test volatility spillover effect between oil futures and spot market are significant and smaller than 0.05. Therefore, there is bidirectional volatility spillover effect between oil futures and spot markets at the significance level of 5%. According to the test on volatility spillover effects among stock market, gold market, WTI crude oil futures and spot markets, it is discovered that there are bidirectional effects between stock market and gold market, WTI crude oil futures and spot markets, but unidirectional effects among other markets, as shown in figure 1 , which indicates closer relationships between stock market and gold market, WTI oil futures and spot market. Firstly, stock market and gold market are places where investors conduct direct investments, on the one hand, investors transfer investments between stock market and gold market for they will sell stocks to buy gold during economic crisis or financial crisis and sell gold to buy stocks when stock market inflates; on the other hand, risks produced by economic crisis or financial crisis are contagious between these two markets (Yuan Chen and Fu Qiang, 2000). Transferment and infection strengthen their volatility spillover effects. Secondly, WTI crude oil futures and spot markets are two main components of the whole oil market. In order to avoid risk in spot market, investors will purchase futures contract in oil futures market to hedge; they will also conduct riskless arbitrage between these two markets. All investors' avoiding risk, hedging and riskless arbitrage contribute to enhance raltions between crude oil futures market and spot market, accelerating information transimission to influnce another. 
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Conclusion
Volatility spillover effects are empirically analyzed among international financial markets of stock market, gold market, WTI crude oil futures and spot markets in this study. Binary GARCH-BEKK model is constructed between stock market and gold market, stock market and WTI crude oil futures market, stock market and WTI crude oil spot market, gold market and WTI crude oil futures market, gold market and WTI crude oil spot market, to estimate and test significance. The results show that there are bidirectional volatility spillover effects between stock market and gold amrket, WTI crude oil futures and spot markets. This is different from the study of Hu Qiuling and Zhao Jing (2011). Their study find there is unidirectional effect, which means only gold market affecting stock market. Also, the results show that unidirectional effects between other markets: effect of stock market on WTI crude oil spot market, of gold market on WTI crude oil futures market, of WTI crude oil spot market on gold market. These indicate that volatility spillover directions are conducive for investors when investing in international financial markets. They may refer to volatility spillover directions, that is to say, risk contagion paths in financial markets.
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